Flatfishes are a group of teleosts of high commercial and environmental interest, whose biology is still poorly understood. The recent rapid development of different 'omic' technologies is, however, enhancing the knowledge of the complex genetic control underlying different physiological processes of flatfishes. This review describes the different functional genomic approaches and resources currently available for flatfish research and summarizes different areas where microarray-based gene expression analysis has been applied. The increase in genome sequencing data has also allowed the construction of genetic linkage maps in different flatfish species; these maps are invaluable for investigating genome organization and identifying genetic traits of commercial interest. Despite the significant progress in this field, the genomic resources currently available for flatfish are still scarce. Further intensive research should be carried out to develop larger genomic sequence databases, highdensity microarrays and, more detailed, complete linkage maps, using second-generation sequencing platforms. These tools will be crucial for further expanding the knowledge of flatfish physiology, and it is predicted that they will have important implications for wild fish population management, improved fish welfare and increased productivity in aquaculture.
INTRODUCTION
Flatfish, members of the order Pleuronectiformes, are a relatively large group of rayfinned fish with c. 570 extant species (Nelson, 2006) . The name of the order is derived from the Greek πλευρά (pleura), meaning rib or side, and νηκτóν (nekton), meaning swimming. These fish have both eyes on one side of the body and lie on the opposite side, they are benthic and carnivorous, and most are marine species, although some species occur only in fresh water. Flatfish are an interesting group of teleosts because they show a unique developmental process known as metamorphosis, during which one eye migrates across the top of the skull to lie adjacent to the other eye on the †Author to whom correspondence should be addressed. Tel.: +34 93 2309531; fax: +34 93 2309555; email: joan.cerda@irta.cat opposite side, while the body flattens and lies on the eyeless side (Okada et al., 2001) . This is accompanied by drastic morphological and physiological changes and its molecular regulation is still poorly understood (Power et al., 2008) . The reproductive processes of flatfish are also of scientific interest because the males of some species show testis of a semi-cystic type, an unusual type of spermatogenesis among teleosts in which spermatocytes and spermatids are released into the seminiferous lumen where they differentiate into spermatozoa (Yoneda et al., 1998; García-López et al., 2005) . In addition, many flatfishes show elaborate courtship behaviours that are necessary for successful mating but the underlying mechanisms are largely unknown (Gibson, 2005) .
A , are also important food resources. Because of their highly prized white flesh, the aquaculture of a few of these species has been enhanced or developed during the last years (Imsland et al., 2003; Conklin et al., 2003; Naylor & Burke, 2005; Mori et al., 2006) . The aquaculture production of P. maxima is the highest among flatfishes, whereas that of H. hippoglossus is now successfully underway although improvements in efficiency remain a major goal (Naylor & Burke, 2005) . For other species, such as S. senegalensis or Paralichthys species, the production is lower, and in the case of sole different aspects of their culture need to be optimized to allow a sustainable and profitable industrial production.
The management of wild, captive and reared flatfish populations is in general impaired by the limited knowledge of different aspects of their biology. Recently, research on flatfish physiology has increased significantly, and 'omics' technologies (genomics, proteomics and metabolomics) have been applied to better characterize reproduction, development, nutrition, immunity and toxicology in these species. These technologies are powerful tools for investigating the genetic and molecular regulation of biological processes in a global manner, and therefore, they are of great interest for flatfish research. The proteomic approaches that have been used to investigate diverse biological questions in model and non-model fish species, including flatfishes, have recently been reviewed (Forné et al., 2010) . Therefore, the scope of this review is to highlight the genomic technologies that have been developed so far in flatfishes and summarize the different research areas where they have been applied.
DEVELOPMENT OF GENOMIC TOOLS IN FLATFISH G E N O M I C L I B R A R I E S
Although the genomes of five well-known model fish species, zebrafish Danio rerio (Hamilton) medaka Oryzias latipes (Temminck & Schlegel) , spotted green pufferfish Tetraodon nigroviridis Marion de Procé, Japanese pufferfish Takifugu rubripes (Temminck & Schlegel) and three-spined stickleback Gasterosteus aculeatus L., have been fully sequenced, those of commercially important species including flatfish have lagged behind. With the advent of novel methods for high-throughput DNA sequencing, such as 454 pyrosequencing technology (see below), >1 000 000 reasonably long reads (300-500 nucleotides) can be achieved in a 10 h run. Largescale sequence analysis of Atlantic cod Gadus morhua L. has been performed (Johansen et al., 2009) , and this approach is currently being applied to the sequencing of selected bacterial artificial chromosomes (BAC) from H. hippoglossus (Mechaly et al., 2010) .
Significant work has recently been achieved with half-smooth tongue sole Cynoglossus semilaevis Günther, a flatfish of great commercial importance in China. In order to better understand the sex-determining mechanism in this species, a W sexchromosome specific library covering almost 1% of the chromosome was constructed by amplifying DNA isolated by laser capture microdissection . Sequence analysis of 518 clones revealed only 75 significant BLASTx and BLASTn hits, including 24 repetitive sequences. A fosmid library consisting of 49 920 clones (3·23 genome equivalents) has also been constructed for the female C. semilaevis and end sequencing of both 5 and 3 ends of 1152 individual clones generated 2247 sequences after trimming, with an average sequence length of 855 nucleotides. BLASTn searches of the nr and expressed sequence tag (EST) databases of GenBank and BLASTx searches of the nr database resulted in 259 (11·53%) and 287 (12·77%) significant hits (E < e-5), respectively. This fosmid library will be a useful resource for large-scale genome sequencing, physical mapping and positional cloning and aid in understanding sex determination in this species.
E S T S E Q U E N C I N G
In the last decade, the number of ESTs and species of flatfish represented in public databases (e.g. GenBank) has increased substantially (Table I) . EST surveys of flatfish species have been performed using classical high-throughput sequencing techniques that are costly, and this may explain why the number of sequenced ESTs remains quite low for some species. Pseudopleuronectes americanus and P. olivaceus were two fish subjected to EST analysis starting over 10 years ago (Aoki et al., 1999; Douglas et al., 1999; Kono & Sakai, 2001; Arma et al., 2005) , but recent surveys include ESTs from the digestive system (K. K. Kim, pers. comm.) and immune tissues such as liver, spleen and head kidney of P. olivaceus stimulated by various pathogens (I. Hirono, pers. comm.) . Approximately 1000 5 -end sequenced ESTs have been obtained from each of eight different tissue-specific and five different developmental-stage specific normalized cDNA libraries of H. hippoglossus (Douglas et al., 2007) , and over 4000 ESTs were obtained from two cell stage embryos, 1 day-old yolk-sac larvae and fast skeletal muscle of juvenile fish of the same species (Bai et al., 2007) . More than 10 000 ESTs have been 3 -end sequenced from a multitissue normalized cDNA library of S. senegalensis from adult tissues, larval and juvenile stages and undifferentiated gonads (Cerdà et al., 2008b) . Over 12 000 ESTs have also been generated from the liver, head kidney and spleen of P. maxima stimulated by nodavirus infection or polyIC or by challenge with the bacterial pathogens Aeromonas salmonicida and Philasterides dicentrarchi . Platichthys flesus that is used in environmental monitoring has been extensively studied and ESTs have been sequenced from livers of fish exposed to a variety of toxic compounds such as heavy metals and other pollutants . ESTs have proved to be a valuable source of microsatellite markers for genetic mapping. In H. hippoglossus, 129 microsatellites were identified by analysis of ESTs, 60 of which were polymorphic (Douglas et al., 2007) and incorporated into a genetic linkage map (Reid et al., 2007) . A total of 191 microsatellites were identified in the P. maxima EST collection of which 50 were present in contigs, thereby allowing the identification of 11 putative polymorphic loci. In P. olivaceus, five microsatellites were identified in 260 ESTs generated from a muscle cDNA library, three of which were also successfully amplified in P. maxima and C. semilaevis (Liu et al., 2006) . A similar approach was used to identify 25 microsatellites from 1000 ESTs generated from a spleen cDNA library from C. semilaevis (Liu et al., 2007) , 11 of which were useful in determining polymorphic loci. Several of these microsatellites were also successfully amplified in P. maxima and P. olivaceus.
Single nucleotide polymorphisms (SNP) can also be identified from EST surveys if several individuals are used to make cDNA libraries, if there is sufficient redundancy in the sequenced libraries or if sequencing is sufficiently deep. Thus, far in flatfish, this has only been undertaken for P. maxima ESTs where 1148 good-quality SNPs were identified among 9256 ESTs .
Gene expression profiling using microarrays has shed light on various fundamental processes in fish, including immunity, gametogenesis and development, nutrition, stress and response/adaptation to environmental conditions (Douglas, 2006; Cerdà et al., 2008a; Goetz & MacKenzie, 2008; Miller & MacLean, 2008) . In flatfish, single-species microarrays are available for five species (Table II) . In addition, multispecies microarrays have been developed for assessing fish stocks and in response to environmental contaminants (Table III) . In general, cross-species, or heterologous, microarrays have been used where microarrays for the species of interest are not available. Both oligonucleotide and cDNA probes have been used in flatfish F L AT F I S H G E N O M I C S 1049 microarray design and the probe density ranges from low (several hundreds) to very high (tens of thousands).
Two cDNA microarrays have been described for P. flesus, the GENIPOL toxicogenomic microarray representing 3336 unique EST clusters and an earlier version representing 3352 unique sequences (Cohen et al., 2007) . The GENIPOL microarray has been useful in studying gene expression changes in P. flesus in response to environmental toxicants or as a result of genetic adaptation (see below). This microarray was also used to assess cross-species hybridizations to transcriptomes of nine different fish, including flatfishes such as H. hippoglossus, P. olivaceus and S. senegalensis (Cohen et al., 2007; Osuna-Jimenez et al., 2009) . Using a bioinformatic approach, computed hybridization efficiencies of 78·5-82·7% were obtained among P. flesus, P. olivaceus and H. hippoglossus, whereas efficiencies to the other teleosts tested were lower. Experimental validations showed hybridization efficiencies of 79% at sub-order taxonomic levels confirming that heterologous microarray analyses between closely related species can be performed.
Currently, oligonucleotide arrays are the preferred choice for flatfish microarray design, given the lower cost and greater reproducibility of the expression data compared with that obtained from cDNA microarrays (Brennan et al., 2004) . Therefore, these platforms have recently been selected to design microarrays for different flatfishes (Cerdà et al., 2008b; Douglas et al, 2008; Kochzius et al., 2008; Baker et al., 2009; Millán et al., 2010) . For S. senegalensis, specific oligos were designed against the 3 untranslated regions because of their general low conservation (Cerdà et al., 2008b) , which permitted discrimination between paralogues arising from gene duplication events in teleosts (Meyer & van der Peer, 2005) . Thus, this microarray contains probes for 5087 unigenes and allows the identification of specific isoforms within some gene families, e.g. cyclins, vitellogenins, heat shock proteins, 40S and 60S ribosomal proteins. Oligoarrays are also available for H. hippoglossus and P. maxima representing 9277 and 2716 unigenes, respectively (Douglas et al., 2008; Millán et al., 2010) .
Multi-species microarrays, in which a single microarray is used to analyse the different species under study, have been developed for comparative and ecological genomic studies of fish (Kassahn, 2008) . These platforms are, however, challenging because limited signal intensity from fish with high sequence divergence, and variable sequence divergence across different genes, must be accounted for in the experimental design. Nevertheless, this approach may be useful when the expression of a few genes across different species need to be studied, for which cross-hybridizing oligos can be designed. This is the case, for instance, for the multi-species microarray containing 65 mer oligos designed to represent 24 genes involved in endocrine mechanisms from many species, which has been used as a diagnostic tool to screen the effects of environmental chemicals in the sentinel fish hornyhead turbot Pleuronichthys verticalis Jordan & Gilbert (Baker et al., 2009) . Similarly, a multi-species microarray containing 23-27 mer oligos specific for mitochondrial 16S rDNAs of 11 species, including one flatfish, brill Scophthalmus rhombus L., has been used for fish identification, which can be useful for correctly identifying fish eggs and larvae for stock assessment and in food control (Kochzius et al., 2008) . With more sequence information, greater refinement and the planned production of a 'Fish Chip' for c. 50 species (Kochzius et al., 2008) , genotyping and population genetics studies in flatfish 1052 such as those carried out on different chum salmon Oncorhynchus keta (Walbaum) haplotypes (Moriya et al., 2007) might be possible in the future. Species-specific oligo microarray platforms are the most reliable for flatfish research. The current platforms available (e.g. S. senegalensis H. hippoglossus, P. maxima), however, contain still a relatively low number of probes (<10 000 unigenes) even though they were constructed from ESTs derived from different tissues. The limited number of represented genes makes these platforms challenging when the changes of the complete transcriptome of a tissue, particularly one from which ESTs were not derived, are to be investigated. Therefore, these platforms, although they may be suitable as a diagnostic tool for certain physiological conditions, are possibly not the best strategy for the discovery of genes and gene regulatory networks. Mass sequencing of the transcriptome through the use of next-generation sequencing platforms represents an alternative that may overcome some of these obstacles.
Second-generation sequencing technologies allow massive-scale DNA sequencing at a low cost and are now driving biomedical and biological research (Mardis, 2008) . These platforms include the 454 pyrosequencing system from Roche (www.roche.com), which can yield 500 nucleotide reads, plus the Illumina-Solexa platform and the SOLiD platform from Applied Biosystems (www.appliedbio systems.com), which both yield shorter reads (c. 25-100 nucleotides). These platforms generate considerably more data per run and are more cost-effective in terms of price per nucleotide sequenced (Ansorge, 2009 ). The Illumina and SOLiD platforms are thus more suitable for model organisms or fish for which the whole genome has been sequenced, while the longer read 454 platform is advantageous for de novo sequencing in non-model fish such as flatfish, for which completely sequenced genomes are not available.
The 454 technology can increase both genomic and EST sequence information and thus enlarges the number of unigenes represented in the microarrays. It also has the advantage of combining gene discovery with expression profiling and theoretically provides information on the complete transcriptome rather than just the portion represented on a microarray. Therefore, the labour-intensive construction of normalized cDNA libraries required for microarray design and construction is not needed as highthroughput, in-depth sequencing provides an accurate estimate of gene expression (Torres et al., 2008) . This technology has recently been used to sequence the transcriptome of two commercially important fish species, the lake sturgeon Acipenser fulvescens Rafinesque (Hale et al., 2009) and G. morhua (Johansen et al., 2009) , and it may be the preferred strategy for gene discovery in flatfish research.
The short-read Illumina-Solexa technology can be useful to investigate some gene regulatory networks through the sequencing of microRNAs (miRNA) and other small regulatory RNAs (Hafner et al., 2008) . miRNAs are small RNAs that bind to the 3 UTR of mRNAs and control the accumulation of the target mRNAs in the cell, thereby regulating a number of morphogenetic and developmental processes (Schier & Giraldez, 2006) . The Illumina platform can potentially be used for miRNA discovery, surveying and quantification in flatfish, although this approach has been used to date on only model species with fully sequenced genomes and still remains challenging Rathjen et al., 2009 ).
GENE EXPRESSION PROFILING G A M E T O G E N E S I S
Failure to complete ovarian maturation and ovulation is a common reproductive dysfunction in cultured flatfishes even after hormone therapies (Mylonas & Zohar, 2001) . Although in recent years a significant effort has been devoted to investigating the endocrine basis of flatfish reproduction (Weltzien et al., 2004; Kobayashi et al., 2008a, b; Cerdà et al., 2008c) , the physiological mechanisms underlying reproductive dysfunctions of cultured flatfish remain largely unknown. Transcriptome analyses have been used in some species, such the S. senegalensis, to obtain information on the molecular basis of ovarian development (Tingaud-Sequeira et al., 2009) . In this study, pair-wise experiments using a sole-specific oligo array revealed the differential expression of >100 genes during ovarian growth, maturation and ovarian follicle atresia. During ovarian growth (vitellogenesis), many up-regulated ovarian transcripts had a putative mitochondrial function or location suggesting high energy production, e.g. nicotinamide adenine dinucleotide (NADH) dehydrogenase subunits, and increased antioxidant protection, whereas other regulated transcripts were related to cytoskeleton and zona pellucida organization, intracellular signalling pathways, cellto-cell and cell-to-matrix interactions, and the maternal RNA pool (Tingaud-Sequeira et al., 2009) . During maturation, up-regulated transcripts in the ovary included ion transporters, e.g. Na + -K + -ATPase subunits, which are probably required for oocyte hydration, as well as a vesicle calcium sensor protein (extended synaptotagmin-2-A) that might be part of the molecular pathways activated in the oocyte in preparation for fertilization.
During ovarian atresia, the process where ovarian follicles degenerate and are resorbed (Saidapur, 1978; Guraya, 1986) , two particularly interesting genes were found to be highly up-regulated in S. senegalensis (Tingaud-Sequeira et al., 2009) . The first of these was apoc1, encoding apolipoprotein C-I, which is part of chylomicrons and of very low and high-density lipoproteins involved in lipid transport in the bloodstream (Jong et al., 1999) . The up-regulation of apoc1 in follicular cells, as well as of apolipoprotein A-I (apoa1 ) (Tingaud-Sequeira et al., 2009) , is thus consistent with a role for these lipid transport molecules in mediating the ingestion and digestion of the yolk by the follicular cells and further transport into the bloodstream (Saidapur, 1978; Babin, 1987) . These data indicate the importance of lipid metabolic processes during follicular atresia in teleosts (Babin, 1987; Agulleiro et al., 2007) and may provide potential biomarkers for premature ovarian regression and abnormal embryo development in cultured flatfish.
The other notable up-regulated gene in atretic ovarian follicles was lect2 encoding a leucocyte cell-derived chemotaxin 2related protein (Tingaud-Sequeira et al., 2009 ). This transcript is related to mammalian LECT2 that encodes a protein with chemotactic properties for human neutrophils (Yamagoe et al., 1996) . In atretic ovarian follicles, blood cells such as erythrocytes and leucocytes (granulocytes) are often observed invading the degenerating oocyte (Besseau & Faliex, 1994; Miranda et al., 1999; Santos et al., 2005) . The up-regulation of lect2, which is most highly expressed in theca and granulosa cells of atretic ovarian follicles, suggests an active mechanism for the chemotaxin-mediated attraction of leucocytes to atretic follicles, where they act synergistically with follicular cells in the resorption of the oocyte (Besseau & Faliex, 1994) . Microarray analyses have therefore provided interesting insights into the physiological activities that are important during this process.
Microarrays have been used successfully in fish nutrigenomic studies as well as for studying development (Douglas, 2006; Leaver et al., 2008) . For flatfish, most studies have concentrated on H. hippoglossus. A microarray containing 50 mer oligonucleotides representing 9277 unique H. hippoglossus genes has been used to study early larval development (Douglas et al., 2008) . Principal component analysis (PCA) showed that the five different developmental stages analysed could be resolved from one another. As larvae approached metamorphosis, genes involved in digestion (trypsinogen and chymotrypsinogen), eye development and muscle structure (myosin, tropomyosin and troponin) were up-regulated. Preliminary studies have also been reported on the use of a small-scale cDNA microarray for studying gene expression changes in whole larvae during flatfish metamorphosis (Power et al., 2008) . This study also found myosin, trypsinogen and three genes involved in vision to be up-regulated during metamorphosis.
Providing adequate nutrition to developing larvae and juveniles is a challenge in the successful aquaculture of flatfish, and microarrays have proved useful in assessing gene expression changes in Atlantic halibut in response to dietary modifications. The partial replacement of fish meal protein by soy or other plant proteins can result in intestinal inflammation in some fish species, especially salmonids. In H. hippoglossus juveniles, however, this condition was not observed when 30% soy protein was included in the diet (Murray et al., 2009a) , although microarray analysis showed that the expression of several immune markers and genes involved in detoxification was increased. In contrast, genes involved in lipid transport were down-regulated, consistent with previous reports of hypocholesterolaemia in fish-fed soy protein.
Genes involved in smooth muscle function were also down-regulated, indicating that intestinal muscle metabolism and motility may have been affected. The replacement of live feeds by artificial microdiets for the rearing of fish larvae, especially flatfish larvae, is a priority for the aquaculture industry. Microarray analysis has been used to assess the effect of introduction of microdiet to H. hippoglossus larvae 20 days post first feeding (Murray et al., 2009b) . Although there was no significant difference in mortality in the microdiet-fed group compared with the control group-fed live feed over the 33 days of the study, growth was limited and malpigmentation of the skin and eyes was more common. Genes involved in metabolic processes were enriched, and their expression was increased especially early after transfer to microdiet, as were genes involved in detoxification and stress. Genes involved in replication, translation, cell proliferation and cell structure were generally downregulated, consistent with the lower growth of the fish. As with most microarray studies, a significant number of unannotated genes are differentially regulated in these studies, and identification of their functions may shed light on crucial processes affected by dietary or developmental changes.
Microarrays have been used to better understand the immune response and disease control in the commercially important flatfish P. olivaceus and P. maxima.
For the P. olivaceus, various cDNA microarrays containing sub-sets of immunerelevant genes based on ESTs from a cDNA library derived from peripheral blood leucocytes (Kurobe et al., 2005) have been developed (Table II) . A microarray containing 871 unique elements was used to follow immune gene expression changes over time (1, 3 and 6 h) in cultured head-kidney cells stimulated by concanavalin A, lipopolysaccharide (LPS), phorbol myristate acetate (PMA) and hirame rhabdovirus infection (Kurobe et al., 2005) . Interestingly, different immune stimulants caused different sets of genes to be regulated. As expected, LPS up-regulated a number of inflammation-related genes; however, while PMA induced expression of transcription factor AP-1-regulated cell proliferation genes, it mainly down-regulated genes, perhaps through its inhibitory action on the transcriptional regulator, CEBPβ. Viral infection resulted in a spike in the expression of genes involved in early and cell-mediated immunity at 3 h post-infection that mainly returned to normal after 6 h. This array was also used to follow gene expression over time (1, 3 and 7 days) in head-kidney cells of fish injected with a plasmid expressing P. olivaceus IL-1β, a major inflammation-related cytokine (Emmadi et al., 2005) . In this case, gene expression spiked at 1 day post-injection and decreased over time. Approximately 10% of the 871 genes were differentially regulated, with twice as many being up-regulated as down-regulated. Genes for cytokines such as TNF and G-CSF as well as immunoglobulins, MHC class I antigens and members of the Toll and NF-kB signalling pathway were up-regulated.
Infections by viral haemorrhagic septicaemia virus (VHSV) have devastated salmonids and recently emerged among P. olivaceus. Hence, vaccine development against this and other viral pathogens of fish is crucial. Two slightly different microarrays have been used to evaluate vaccination of juveniles using recombinant VHSV glycoprotein and a DNA vaccine encoding the glycoprotein (Byon et al., 2005 (Byon et al., , 2006 . The DNA vaccine conferred excellent protection, largely through the induction of MX, whereas the recombinant glycoprotein vaccine was virtually ineffective, even though it induced the expression of humoral defence-related genes and some nonspecific cellular defence-related genes. The DNA vaccine induced most of the genes after 3 days; these included leucocyte-expressed genes involved in both the specific and non-specific immune responses. Gene expression changes following vaccination of juveniles against hirame rhabdovirus (HIRRV) using DNA vaccines for G and N proteins were investigated using a microarray containing 796 unique elements (Yasuike et al., 2007) . Interestingly, the two different vaccines induced different sets of genes, which correlated with protection; type I interferon-induced genes were up-regulated by the vaccine raised against the G protein and this vaccine was also protective whereas that raised against the N protein was not. This underscores the importance of the ability of vaccines to stimulate the type I interferon system.
The major bacterial pathogens affecting P. olivaceus are Streptococcus iniae, the Gram-positive causative agent of streptococcosis, Edwardsiella tarda, the Gramnegative causative agent of Edwardsiellosis and Mycobacterium sp., the causative agent of mycobacteriosis. Vaccination against S. inaie and E. tarda using FKCs was studied using a microarray containing 1946 unique elements (Dumrongphol et al., 2009) and an updated microarray containing 1187 unique elements including additional novel genes from skin and liver ESTs (Matsuyama et al., 2007a) , respectively. The former study showed that S. iniae vaccination resulted in the dramatic up-regulation of a set of eight genes at 3 h post-vaccination, whereas with E. tarda vaccination, a different set of seven highly up-regulated genes were expressed at 1 day post-vaccination. In both cases, the transcript levels of most of the differentially regulated genes (six immune-related and 13 unknown) had returned to normal at 3 days post-vaccination. In the second study, fish were challenged after zero, one or two vaccinations with E. tarda FKC and sampled daily. As expected, there were significant changes in gene expression in challenged fish that had been vaccinated as well as those that had not; however, in vaccinated fish, there was a cluster of genes expressed throughout the sampling period that were uniquely up-regulated and may play a role in protection. Recently, vaccination against mycobacteriosis using bacille Calmette-Guérin (BCG) and FKCs of Mycobacterium sp. was studied using a microarray containing 1945 spots of unique genes including 215 immune-related genes (Kato et al., 2010) . BCG vaccination conferred protection against infection and also induced the expression of genes involved in both non-specific and adaptive immunity.
Parasite infection is also the cause of substantial losses to the P. olivaceus industry. The monogenean parasite Neoheterobothrium hirame infects both wild and cultured flounder, causing necrosis and inflammation at sites of attachment. Gene expression changes in peripheral blood lymphocytes (PBL) following infection by this parasite were monitored for 3 weeks using a microarray containing 797 clones (Matsuyama et al., 2007b) . Potential molecular biomarkers of infection were uncovered, including genes involved in both non-specific (matrix metalloproteinases, CD20) and adaptive [major histocompatability complex (MHC) components, immunoglobulins] immunity.
Similar disease problems have surfaced among P. maxima, necessitating a better understanding of the immune system in this species and the development of vaccines. The response of P. maxima to nodavirus infection and stimulation by the viral mimic, polyIC, over a 72 h period was studied using a microarray containing 1920 elements representing 768 unique genes . MHCI genes and two interferonstimulated genes were up-regulated, consistent with the known role of these effectors in viral immunity. Recently, a high-density microarray representing 2716 genes from an immune-related EST P. maxima database was used to assess the response of the spleen 3 days after infection by A. salmonicida, the causative agent of furunculosis, and to identify candidate genes for resistance to pathogens (Millán et al., 2010) . A set of 50 genes related to immunity and host defence were differentially regulated, mostly positively, and with functions related to the innate immune response, stress and defence response, transport and protein synthesis, processing or degradation. Due to the layout of the microarray (eight microarrays fitted on each slide), a hierarchical experimental design could be used to evaluate sources of technical and biological noise in the differential gene expression of spleens from infected fish compared with healthy fish.
T OX I C O L O G I C A L S T U D I E S
Flatfish are benthic teleosts that feed mostly on invertebrates and therefore are affected by sediment-associated toxicants, including endocrine disruptors, heavy metals, polycyclic aromatic hydrocarbons (PAH) and dioxins. These species are thus good candidates as sentinels for biological effects monitoring in inshore and estuarine waters Baker et al., 2009) . Both multi-species and speciesspecific microarrays (Tables II and III) have been successfully used in flatfishes, particularly in the P. flesus, to identify changes in gene expression after exposure to different environmental pollutants (Sheader et al., 2006; Williams et al., 2006 Williams et al., , 2007 Williams et al., , 2008 Diab et al., 2008; Nakayama et al., 2008; Baker et al., 2009) . These studies have demonstrated that key biological processes disrupted by toxicants with different modes of action can be identified by transcriptomics. The data may also permit discrimination between classes of toxicants and the identification of molecular biomarkers for early detection of pollutant responses in fish , although validation of these markers may require further biochemical, genetic and physiological studies. Nevertheless, among the potential biomarkers that have been suggested in flatfish are molecular chaperones, i.e. heat shock genes, oxidative stress responsive elements, i.e. glutathione-S-transferases, peroxiredoxins, phase I and II metabolic enzymes, i.e. cytochrome P450s, liver-derived egg proteins, i.e. vitellogenins and choriogenins, and metallothionein, a metal ion sequestering protein .
Most of the toxicogenomic studies carried out so far on flatfish used individual toxicant treatment in laboratory-maintained fish, and therefore, the relevance of the observed gene expression responses for natural populations is unclear. When considering these populations, non-genetic effects may contribute to the observed variation in gene expression making it very difficult to exclude influences from maternal, early developmental or epigenetic effects resulting from interplay between genetic background and parental or environmental variability. A study by Falciani et al. (2008) partially addressed this issue and showed, using a multivariate variable selection coupled with statistical modelling methods, that gene expression signatures in livers of flounders can predict their geographical site of origin, although the accuracy of this system was limited to specific sites. This model used the expression profile of only 17 genes and was able to predict the site of origin of independent fish samples. The future development of similar methods may prove very useful for evaluating the susceptibility and adaptation to environmental pollutants in flatfishes.
P O P U L AT I O N G E N E T I C S
Neutral DNA-based markers, such as microsatellites, can be used to demonstrate the existence of different subpopulations among marine fish populations at both macro-and microgeographical scales (Nielsen et al., 2004; Jorgensen et al., 2005) . Such genetic divergence may result in variations in gene expression, which is known to play an important role in evolutionary processes of adaptive divergence among natural populations (Nielsen et al., 2009) . The few available studies on natural fish populations have suggested that variation in gene expression arises mainly from neutral genetic drift (Oleksiak et al., 2002; Whitehead & Crawford, 2006a) . In relatively isolated populations with low migration rates, such as those of the mummichog Fundulus heteroclitus (L.), a strong correlation has been observed between genetic distance and differences in gene expression (Oleksiak et al., 2002; Whitehead & Crawford, 2006b) . In other marine species with higher migration rates and low level of genetic differentiation, such as some flatfishes, however, actual variations in gene expression as an adaptive response to a specific habitat are less well known. This is however highly relevant to the sustainable management and aquaculture of fish populations, including flatfishes, because several studies have pointed out the high heritability of gene regulation (Schadt et al., 2003; Morley et al., 2004; Brem & Kruglyak, 2005; Whitehead & Crawford, 2006a) .
The determination of gene expression patterns through microarray-based approaches provides more direct information on adaptive genetic divergence among populations when compared with commonly used neutral genetic markers (Nielsen et al., 2009) . This approach has been recently used to elucidate differences in gene regulation between two P. flesus populations from the North Sea and Baltic Sea that, apparently, are almost genetically identical based on microsatellite markers (Larsen et al., 2007) . This study demonstrated that despite extremely low levels of neutral genetic divergence, a high number of genes are significantly differentially expressed between the two P. flesus populations maintained in a long-term reciprocal transplantation experiment mimicking natural salinities. Several of the differentially regulated genes, related to osmoregulation, heme biosynthesis and stress resistance, could be directly linked to fitness traits (Larsen et al., 2008) . These findings suggest that P. flesus, despite little apparent genetic divergence between populations, can adapt their gene expression to local environmental conditions and imply that such adaptation could be common in other flatfishes with similar low levels of population subdivision (Larsen et al., 2007 (Larsen et al., , 2008 . The relationship of the local changes in gene expression with SNPs, however, has not been yet reported, and therefore, a more complete genetic characterization of flatfish populations is needed.
FLATFISH GENETIC MAPS
Genetic linkage maps are essential tools for investigating genome organization. They provide a brief outline of the genome of an organism based on the frequency of recombination between molecular markers and ideally generate the same number of linkage groups as the number of chromosomes. Typically, genetic maps are based on polymorphic markers such as microsatellites, variation at restriction sites, detected as restriction fragment length polymorphisms (RFLP) or amplified fragment length polymorphisms (AFLP), or SNPs. Microsatellites tend to be the most polymorphic of these markers, while SNPs occur the most frequently in genomes. Construction of linkage maps requires hundreds of informative markers, ideally evenly spaced throughout the genome. While microsatellites are typically isolated by constructing libraries enriched for these sequences, EST libraries have been an excellent source of microsatellites for flatfish genetic maps (Liu et al., 2006; Chen et al., 2007; Liu et al., 2007; Reid et al., 2007; Bouza et al., 2008; Kim et al., 2009) . Due to the well-established conservation of microsatellite loci among teleosts (Rico et al., 1996) , microsatellites are often informative in related species. This is also the case in the Pleuronectiformes (Liu et al., 2006 (Liu et al., , 2007 Reid et al., 2007) , and thus, all flatfish microsatellites are potentially useful for a given pleuronectid species. While SNPs have not yet been incorporated into any flatfish map, >1000 were detected in P. maxima ESTs and the application of next-generation sequencing methods to flatfish genomics will undoubtedly allow the identification of massive numbers of useful genetic markers.
Currently, genetic linkage maps are available for four flatfish species: P. olivaceus (Coimbra et al., 2003; Kang et al., 2008) , H. hippoglossus (Reid et al., 2007) , P. maxima (Bouza et al., 2007) and C. semilaevis (Liao et al., 2009) . Maps for all species were constructed with microsatellites markers or a combination of microsatellite and AFLP markers (Table IV) . The number of markers mapped range from 137 in sole to 604 in halibut. As would be expected, the number of markers mapped tends to correlate with the completeness of the map: maps with fewer markers tend to have more linkage groups than the haploid number of chromosomes and tend to have a number of small linkage groups with only a few (2-4) markers. The H. hippoglossus map appears to be the most complete of these maps, although additional markers would clearly improve the coverage of all maps.
For two species (H. hippoglossus and P. maxima), diploid gynogens have been used to map the position of the centromere for most of the linkage groups (Reid et al., 2007; Martínez et al., 2008) . For H. hippoglossus, all the centromeres are located at or close to one end of the linkage group, with the centromere on linkage group AH-20, located at c. 25 cM, being the most distant from the end of the linkage group. In P. maxima, the centromere locations for two linkage groups, LG-2 and LG-8, are metacentric and sub-metacentric, respectively, while the remaining mapped centromeres are acrocentric. For both species, these centromere locations are generally consistent with the karyotypes (Bouza et al., 1994; Brown et al., 1997) , which provides support for the accuracy of these maps.
As in most fish species, flatfish also show differences in recombination rates between males and females, even though the overall map length is similar in the two sexes. Sex-associated recombination differences have been most carefully dissected in H. hippoglossus, where it is evident that higher rates of recombination occur near the centromere in females (11-17 times the rate in males), but the difference decreases as one moves away from the centromere to the point where recombination is higher in males near the telomeres (two to three times the rate in females) (Reid et al., 2007) . Sex-averaged maps (Bouza et al., 2007; Kang et al., 2008; Liao et al., 2009) tend to have inflated map lengths because the high recombination regions of both sexes are incorporated into a single map.
C RO S S -S P E C I E S G E N O M E C O M PA R I S O N S
The development of flatfish genetic maps provides the necessary resources for genomic comparisons both within the flatfish and with other teleosts for which draft genome sequences are available. The use of a large number of P. olivaceus microsatellite markers in the H. hippoglossus genetic map allowed the identification of linkage groups with common markers in the two species (Reid et al., 2007) . The updated P. olivaceus map (Kang et al., 2008) increases the correspondence between the two species for some linkage groups due to the coalescence of pairs of linkage groups in the original map or the removal of some markers from the map. Still, both similarities and differences in marker order are seen in these two species.
For comparisons to draft genomes, marker sequences are typically compared with the draft genome by BLAST to identify regions of similarity. Because not all markers give clear BLAST results, these comparisons usually provide only a limited number of points of comparison. Nevertheless, for both P. maxima and H. hippoglossus, multiple markers from one linkage-group map to a single chromosome of T. nigroviridis whose genome has been sequenced (Bouza et al., 2007; Reid et al., 2007) . Using T. nigroviridis as an intermediate, correspondence between P. maxima and H. hippoglossus linkage groups can be inferred (Table V) . This approach suggests, for example, that P. maxima LG-6 corresponds to H. hippoglossus AH-3, because both contain markers mapping to T. nigroviridis chromosome 13. Clearly, a direct comparison between H. hippoglossus and P. maxima is needed to confirm this inference. Conserved synteny blocks are indicative of orthologous genomic regions that arose from a common ancestral genome. Comparison of fish genomes with those of other vertebrates have revealed multiple synteny blocks conserved among all vertebrates as well as duplicated blocks that provide evidence for a fish-specific genome duplication (Elgar, 1996; Jaillon et al., 2004; Naruse et al., 2004) . A recent investigation demonstrates a small, conserved synteny block between H. hippoglossus and five other teleosts in the region near the kisspeptin1 receptor gene (Mechaly et al., 2010) . In this region, gene order and organization are conserved in all six species for at least two protein-encoding genes as well as three miRNA genes. The region of synteny is extended in H. hippoglossus, O. latipes and G. aculeatus, where there are at least two more genes with the same organization but not in D. rerio and the two T. nigroviridis. Flatfish-specific synteny blocks will probably become evident as more flatfish genomic resources are developed.
A P P L I C AT I O N S O F G E N E T I C M A P S Construction of a genetic linkage map provides additional useful information about the markers that have been mapped. Knowledge of the marker's linkage group and distance from the centromere can be useful in designing marker panels for population studies and aquaculture-related applications such as pedigree analysis or selected breeding programmes. The selection of a set of markers from different linkage groups will be more informative in these types of studies than a randomly selected group.
The main use of genetic maps is to provide a basis for the identification of quantitative trait loci (QTL). Most phenotypic characteristics of interest in aquaculture, such as growth rate or disease resistance, are complex and polygenic. A genetic map provides a basis for identifying regions of the genome that have a high correlation with the desired trait and to use molecular markers from these regions for the selection of the fish of interest. Methods and approaches for the identification of QTL and their use in improving aquaculture broodstock have been described in a number of comprehensive reviews (Liu & Cordes, 2004; Korol et al., 2007; Canario et al., 2008) .
A QTL mapping approach was taken to identify markers in P. olivaceus associated with resistance to lymphocystis disease (Fuji et al., 2006) . The authors identified a marker on linkage group 15 that accounted for 50% of the phenotypic variation in the group of fish that were screened. This marker was later used in a marker-assisted breeding programme to develop a lymphocystis disease-resistant line of P. olivaceus (Fuji et al., 2007) .
A second example of QTL analysis in flatfish is the identification of a marker associated with sex in P. maxima (Martínez et al., 2009) . In most fish, sex chromosomes are not heteromorphic, with an obvious exception being C. semilaevis (Chen et al., 2009a) , and thus, molecular markers able to distinguish between sexes are of high interest and have multiple applications in aquaculture. In P. maxima, sex is determined by a ZW/ZZ system and thus a genome scan was used to identify markers linked to female sex and presumably the W sex-determining region. A marker near the centromere of linkage group 5 was identified that was able to correctly sex 98% of the individuals in four of five families. Environmental or other minor genetic factors were thought to account for the fish that could not be accurately sexed. This marker will clearly be useful in assessing sex in P. maxima. It is anticipated that additional QTL analyses for traits important to flatfish aquaculture will be forthcoming.
CONCLUSIONS
The development of new genomic tools and approaches for flatfish, as well as for other teleosts, are enhancing the knowledge of the biology and physiology of these fish, which are of significant interest for commercial and environmental purposes. The genomic resources currently available for flatfish, however, are still scarce and should be augmented by the development of more BAC libraries, larger EST databases, high-density oligo microarrays and, more detailed, complete linkage maps. Secondgeneration sequencing methods will soon begin to replace these approaches as their read lengths increase and new software is developed to handle the massive amounts of data generated by them. These new sequencing technologies may also be a powerful tool for the discovery of genes and gene regulatory networks, e.g. miRNAs, and will thus be very useful for unravelling the genetic control of different flatfish biological processes. This information will expand the basic knowledge of flatfish physiology and will identify candidate genes as potential molecular biomarkers responsible for normal and abnormal reproduction, larval development, stress, infections and pollutants. This will lead to better management of wild populations, improved fish welfare and increased productivity in the aquaculture industry.
